The structural properties required for the binding of peptide substrates to the Escherichia coli periplasmic protein involved in oligopeptide transport were surveyed by measuring the ability of different peptides to compete for binding in an equilibrium dialysis assay with the tripeptide Ala-Phe-[3H]Gly. The protein specifically bound oligopeptides and failed to bind amino acids or dipeptides. Acetylation of the peptide amino terminus of (Ala)3 severely impaired binding, whereas esterification of the carboxyl terminus significantly reduced but did not completely eliminate binding. Peptides composed of L-amino acids competed more effectively than did peptides containing D-residues or glycine. Experiments with a series of alanyl peptide homologs demonstrated a decrease in competitive ability with increasing chain length beyond tripeptide. Competition studies with tripeptide homologs indicated that a wide variety of amino acyl side chains were tolerated by the periplasmic protein, but side-chain composition did affect binding. Fluorescence emission data suggested that this periplasmic protein possesses more than one substrate-binding site capable of distinguishing peptides on the basis of amino acyl side chains.
Peptides play a major nutritional role by acting as a source of carbon and nitrogen (13) in enteric bacteria such as Salmonella typhimurium and Escherichia coli. Of the transport systems responsible for uptake of peptides in these bacteria, the oligopeptide permease is the most completely characterized. This permease is capable of transporting peptides composed of two to six amino acids (11, 24, 37) . The upper limit for transport depends on the hydrodynamic volume of the peptide rather than on the number of amino acyl residues (32) . It has been suggested that this property results from the sieving properties of the outer membrane, rather than from inherent characteristics of the permease (32) . The oligopeptide permease requires its peptide substrates to be a-linked (26, 29) and to possess an ionizable pnmary or secondary N-terminal group (11, 25, 28) . Although a free carboxyl terminus is not required for transport, the oligopeptide permease shows a reduced affinity for peptides in which the terminal carboxyl group has been modified (30, 31) . In terms of stereospecificity, the permease prefers L-isomers as the first two residues but can tolerate D-isomers in subsequent positions (3, 21) . Although the amino acyl side chains affect both the affinity (33) and rate (30) of peptide uptake, the oligopeptide system is capable of transporting a wide variety of peptide substrates (2, 7, 8, 12, 24, 30) . This is understandable in light of the vast number of possible peptide permutations that might be available for transport.
The oligopeptide permease has been genetically characterized. The opp locus maps at 34 min on the S. typhimurium chromosome and 27 min on the E. coli chromosome (17) . The locus consists of four genes, oppA, oppB, oppC, and oppD, organized as a single operon and cotranscribed in order from oppA to oppD (18 ing that this permease can be classified as a shock-sensitive transport system (15) . The oppA locus encodes a 52,000-dalton periplasmic protein in S. typhimurium (16) . The equivalent periplasmic protein from E. coli W has been purified, physically characterized, and shown to bind peptides (14) . The oppA-encoded protein from S. typhimurium has also recently been purified, and the amino acid sequence has been deduced from the nucleotide sequence of the gene (17a) .
To further analyze the process of oligopeptide transport in bacteria, the substrate specificities conferred upon the system by each transport component must be identified. Since the oligopeptide-binding protein appears to be the initial receptor in peptide transport, its specificities for binding may reflect those of the entire system. In this study, central structural features of peptides were surveyed to determine their effect upon binding. Among the properties investigated were the amino and carboxyl termini, the stereochemistry of the residues, the length of the peptide chain, and the amino acyl side chains.
MATERIALS AND METHODS
Peptides. All peptides were composed of L-amino acids unless otherwise stated. The following peptides were purchased from Chemical Dynamnics Corp.: Ala-Phe-Gly, (Ala)3, (Ala)4, L-Ala-D-Ala-L-Ala, Ala-Gly-Gly, (Gln)3, (Glu)3, (Gly)3, (Leu)3, (Met)3, (Phe)3, and (Pro) 3 (14) . All peptides and amino acids were analyzed by thin-layer chromatography to ensure purity. Fluorescence emission spectroscopy. Fluorescence emission spectra were determined in an SLM-Aminco SPF-500C ratio recording spectrofluorometer. Excitation was at 290 nm, and the bandpass was 2 nm. Spectra were obtained of the oligopeptide-binding protein at a concentration of 1.7 ,uM (0.1 mg/ml) in 10 mM imidazole acetate (pH 7.3)-100 mM NaCl in the presence or absence of each specified peptide at a concentration of 100 ,uM. Fluorescence emission was monitored from 300 nm to 450 nm at room temperature. RESULTS
The tripeptide Ala-Phe-[3H]Gly, which is transported via the oligopeptide permease, binds to the purified oligopeptide-binding protein with a dissociation constant of 0.1 ,uM and a binding stoichiometry of 1.1 mol of tripeptide bound per mol of binding protein (14) . In the present studies, the ability of a number of amino acids and peptides to compete with Ala-Phe-[3H]Gly for binding to the purified oligopeptide-binding protein was measured to characterize the structural properties of peptides required for binding.
Specificity for oligopeptides. The amino acids Ala, Phe, and Gly, either individually or in combination, were unable to reduce binding of Ala-Phe-[3H]Gly, even when present in greater than 600-fold excess (Table 1 The effect of amino acyl side chains was also investigated by fluorescence emission spectroscopy. The oligopeptidebinding protein exhibited native tryptophan fluorescence when excited at 290 nm ( Fig. 2) with an emission maximum at 349 nm. Upon addition of 100 ,uM (Ala)3, an excellent competitor for the Ala-Phe-Gly binding site, no change in the fluorescence spectrum was observed. Similar results were also observed in the presence of 100 ,uM Ala-Phe-Gly (data not shown). However, the addition of 100 ,uM (Lys)3, a peptide which displayed no competition for binding to the Ala-Phe-Gly site, resulted in a substantial increase in tryptophan fluorescence with a shift to longer wavelengths. Thus, (Lys)3 affects the fluorescence spectrum of the periplasmic protein differently from (Ala)3 or Ala-Phe-Gly.
DISCUSSION
Equilibrium dialysis has been used extensively for the purification and characterization of the periplasmic binding component from a variety of transport systems, including those for leucine (9, 10, 41), glutamine (39) , cystine (4), galactose (5), ribose (40) , and oligopeptides (14) . In the present study, a microvolume equilibrium dialysis technique was used to minimize the amount of purified oligopeptidebinding protein and labeled peptide substrate needed for Z~~~~~~~~~Ĩ _ i Z~10 [PEPTIDE ] ("M ) each assay. In cases in which periplasmic binding proteins have been purified containing a stoichiometric amount of tightly bound endogenous ligand (1, 34) , microvolume assays have yielded nonlinear binding curves owing to the isotopic dilution of the radioactive substrate by the bound ligand. However, linear double-reciprocal binding plots were obtained for the oligopeptide-binding protein (14) , suggesting that no endogenously bound ligand is associated with this protein and that microvolume equilibrium dialysis should be an accurate method for measuring binding. Competition with Ala-Phe-[3H]Gly for binding to the purified oligopeptidebinding protein was used to investigate the structural properties of peptide substrates that are required for peptideprotein interactions. Although dissociation constants were not determined, the ability of a given peptide to compete for binding was taken as a relative measure of the affinity of the binding protein for the peptide at that site.
The results demonstrate that the binding protein possesses little or no affinity for free amino acids and dipeptides. The protein recognized features characteristic of two-peptide amide bonds since combinations of individual amino acids or of an amino acid and a dipeptide did not produce competition comparable to that exhibited by an intact tripeptide. These results are consistent with the transport and genetic evidence which indicates that the uptake of amino acids (19, 20) , dipeptides (7, 24, 38) , and oligopeptides (2, 7, 17, 24) is mediated by separate systems. The binding protein thus appears to be responsible for conferring on the permease the specificities that distinguish the oligopeptide system from the dipeptide system. The oligopeptide permease absolutely requires its peptide substrates to possess an ionizable primary or secondary N-terminal amino group (3, 11, 25, 28) . However, peptides lacking a C-terminal a-carboxyl group (27, 31) or having the functionality variously replaced or derivatized (8) (21, 25, 28) ; the preferences of the transport system probably reflect the preferences of the binding protein for peptides with unmodified termini.
Another factor influencing substrate specificity is the length of the peptide chain. Analysis of the binding data obtained for a series of alanyl peptide homologs indicates that the affinity of the periplasmic protein for these peptides decreased with increasing chain length from n = 3 to 5. It should be noted that the molecular weight of the longest homolog, (Ala)5, is well below the cutoff allowed by the porins in the outer membrane (32) .
The oligopeptide permease displays a wide tolerance toward the amino acyl side chains of peptide substrates (2, 7, 8, 12, 24, 30) , with the side chains primarily exerting an effect on the affinities (33) (30) with the ranking as follows: (Ala)3 > (Ser)3 >> (Gly)3.
Peptides composed predominantly of glycine are poorer substrates for transport than similar peptides consisting of alanine (30, 33) . These results may be accounted for on the basis of peptide binding. Each subsequent replacement of glycine for alanine in (Ala)3 ( the membraneassociated proteins. A mutation in the transport system for maltose has been characterized which allows transport directly through the membrane components, circumventing the involvement of the binding protein (36) .
The first of these hypotheses was investigated in a preliminary experiment by fluorescence emission spectroscopy. The periplasmic proteins involved in histidine (35) , arabinose (23) , galactose (22) , and glutamine (39) transport undergo a conformational change upon binding substrate that results in an alteration in their fluorescence emission spectrum. A significant increase in the fluorescence emitted by the oligopeptide-binding protein was observed upon the addition of (Lys)3, suggesting that peptides composed of ionic amino acids do interact with the protein and induce a change in conformation. The fact that (Ala)3 and Ala-PheGly fail to produce similar changes in the fluorescence spectrum but do compete for binding in the radioactive assays suggests that the binding protein possesses more than one binding site capable of distinguishing peptides on the basis of their amino acyl side chains.
